Two-dimensional magnets have received increasing attention since Cr2Ge2Te6 and anisotropy, it offers a spin-, dichroism-and mobility-anisotropy locking. These results manifest the potential of this 2D family for both fundamental research and high performance spin-dependent electronic and optoelectronic devices.
Introduction
In the past decades, a plenty of methods, e.g. magnetic or non-magnetic dopants [1] [2] [3] [4] [5] [6] [7] , vacancies [8, 9] and grain boundaries [10, 11] , have been attempted to introduce long-range ferromagnetic orders in semiconductors. The long range order is, however, limited by the dopant-host hybridization [2, 12] that the highest Tc was thus recorded at ~200 K [4, [13] [14] [15] in Mn-doped semiconductors and the mobility remains low. A Tc of 340 K was observed in a new class of heavily Fe-doped materials [6, 16] , which show metallic behaviors rather than semiconducting characteristics. It thus calls additional strategies for searching high Tc ferromagnetic semiconductors. Recently, the re-discovery of mono-or few-layer two-dimensional (2D) materials, e.g. borophene [17] , MoS2 [18] [19] [20] and black phosphorus (BP) [21] [22] [23] boosted tremendous investigations on 2D semiconductors and their heterostructures [24] [25] [26] .
Two intrinsic ferromagnetic semiconducting mono(bi)-layers, i.e. CrI3 [27, 28] and Cr2Ge2Te6 [29] [30] [31] , were very recently demonstrated in experiments, although their Curie temperatures (Tc) are lower than 50 K. Thus, the high-Tc ferromagnetic (FM) semiconductors are yet to be discovered although room-temperature FM metallic monolayers, e.g. VSe2 [32, 33] and Fe3GeTe2 [34] [35] [36] , were experimentally prepared or exfoliated, although with limited air-stability.
The lack of interlayer magnetic interactions at the monolayer limit enables a variety of interlayer antiferromagnetic (AFM) or weakly FM coupled materials to be under consideration for FM semiconductors, in which the constraint of strong FM interlayer coupling was eliminated. The CrI3 mono-and bi-layers are exactly the case that they show an in-plane FM order and a weak interlayer AFM coupling below 50 K [28] . In a recent work, we found a strong electron doping (~1 e/Cr) to CrS2 could lead this AFM metal to a FM semiconductor [37] . This doping could be realized by substituting Cr with Mn. Monolayer MnS2 or MnSe2 was predicted to be a FM semiconductor with a Tc of ~200 K [38] . A MnSe2 monolayer, with a measured room-temperature Tc, was recently fabricated by molecular beam epitaxy (MBE) although the monolayer strongly interacts with the substrate and is yet to be exfoliated [39] . Another route to realize the doping lies in replacing an S atom with a Cl atom forming a monolayer CrSCl. A Janus CrSCl monolayer is a FM semiconductor that is 85 meV/Cr more stable compared with other magnetic configurations [37] , suggesting it to be a promising candidate for high-Tc magnetic semiconductors.
Here, we theoretically predicted another structural form of CrSCl (Fig. 1a) and its analogues, e.g. CrCX and MnNX (C=S, Se, Te and X=Cl, Br, I). This form is energetically more stable than the Janus monolayers and does not have inherently existed unbalanced in-plane strain. This form, different from the hexagonal Janus [37] , CrI3 [28] , RuCl3 [40] Cr2Ge2Te6 [29] and Fe3GeTe2 [34] monolayers, has two nearest and four second-nearest neighbors, twice the number of previous candidates in hexagonal lattices. Curie temperatures of these monolayers were predicted using Monte Carlo simulations with a third-nearest anisotropic Heisenberg (AH) model. The maximum Tc values are over 240 K and near 500 K for semiconducting and metallic monolayers, respectively, which are much more superior to CrOCl [41] , a lighter member of CrCXs with our predicted Tc of 16 K. The bandgaps of these materials are primarily determined by the chalcogen atom, varying from nearly 2 to 0 eV, while eight of them are FM semiconductors and another four of them are FM metals with Tc up to 492 K. In addition, this MnNX and CrCX family does not show strong structural anisotropy, but the electronic structures, carrier mobility and their resulting optical absorption are highly anisotropic and are locked together. All these results may boost experimental studies on this novel family of 2D magnetic monolayers with extraordinarily high Tc values.
Methods

DFT calculations
Our density functional theory (DFT) calculations were performed using the generalized gradient approximation for the exchange-correlation potential, the projector augmented wave method [42, 43] and a plane-wave basis set as implemented in the Vienna ab-initio simulation package (VASP) [44, 45] and Quantum Espresso (QE) [46] . Dispersion correction was made at the van der Waals density functional (vdW-DF) level [47] [48] [49] , with the optB86b functional for the exchange potential, which was proved to be accurate in describing the structural properties of layered materials [23, [50] [51] [52] [53] [54] and was adopted for structure related calculations. For energy comparisons among different magnetic configurations, we used either the PBE [55] or hybrid (HSE06) functional [56, 57] , with the inclusion of spin-orbit coupling (SOC), based on the vdW-DF revealed structures. Density functional perturbation theory [58] was employed to calculate phonon dispersion (QE) and vibrational frequencies at the Gamma point (VASP). In VASP calculations, the kinetic energy cut-off for the plane-wave basis set was set to 700 eV for geometric and 400 eV for electronic structures calculations by the HSE06 functional. A k-mesh of 10×14×1 was adopted to sample the first Brillouin zone of the conventional unit cell of monolayer CrCXs and MnNXs. The phonon dispersion was obtained by Fourier interpolation of the dynamical matrices calculated using an 18×20×1 k-mesh and a 6×4×1 q-mesh with a plane-wave energy cutoff of 50 Ry. On-site Coulomb interactions to the Cr d and Mn d orbitals are considered with U and J values ranging from 3.89 -4.40 eV and 0.80 -1.25 eV, respectively, as revealed by a linear response method [59] and listed in the Supplementary Table S1 . These values are comparable to the values adopted in modeling CrI3 [60, 61] and CrS2 [37] . The HSE06 functional already considers the exact exchange energy, the U and J correction does not apply to HSE06 calculations. The influences of different functionals and U, J values were also discussed in the Supplementary Figs. S1, S2. More calculation details were provided in the Supplementary Materials.
Curie temperature prediction
Spin-exchange coupling (SEC) parameters were extracted based on a third-nearest Heisenberg model,
Here, J1, J2 and J3 represent the first-, second-and third-nearest couplings, respectively, as illustrated in Fig. 1a . We derived the spin exchange parameters by the total energy differences of the four magnetic configurations shown in the Supplementary Fig. S3 . The magnetic energy contributions of these magnetic configurations in each magnetic unit cell write as 
Carrier mobility estimation
Phonon-limited carrier mobility in CrSeBr monolayers with a finite thickness Weff is expressed as [51, 62, 63] :
Here, * represents the effective mass along the transport direction and 1 is the .
The erf() represents an error function and the summation over integer is due to quantum confinement along the z-direction. Effective thickness of the film (Weff) is expressed by:
Here, P(x) is the electron probability density along the z direction. We divided the space along the x direction into n parts by Δz. Variable ρ n (z) is the sum of the number of electrons n th region along the z direction. Here, N is the total number of valence electrons in the film, i and f represent equilibrium and deformed films, respectively.
The electronic structures in carrier mobility elimination are all calculated with the HSE06 functional. We implemented these carrier mobility estimation methods in a computer package, "Renmin Mobility Calculator'' (ReMoC). Please visit http://sim.phys.ruc.edu.cn/tools/ for details.
Optical absorption spectra and conductivity calculation
The absorption spectra were calculated from the dielectric function using expression Enough conduction bands were considered and exciton effects were not considered in the optical properties calculations. Because the dielectric function is a tensor, the absorption spectra along the x, y and z directions were obtained separately. The energies of incident light of the horizontal axis in absorption spectra were shifted by the differences of bandgaps between the PBE+U-J (-SOC) and HSE06 (-SOC) results. . Red and green isosurfaces correspond to the charge accumulation and reduction after Cr, S and Cl atoms bonding together, respectively. (e) Schematic of the FM double-exchange mechanism for spin-exchange through a Cr-S-Cr and a Cr-Cl-Cr channels (denoted J1) as illustrated in (f), in which red up-oriented and blue down--oriented arrows represent electrons with different spins. By following the same scheme, panels (g) and (h) shows the atomic structure and spin-exchange coupling mechanism of the two Cr-S-Cr channels (denoted J2), respectively.
Results and discussion
Figs. 1a and 1b show a top-and a perspective-views of the fully relaxed atomic structure of CrSCl in the CrCXs form while its other less stable forms, e.g. 1T-Janus, are available in the Supplementary Fig. S5 and Table S2 . Phonon dispersion spectra are also available in the Supplementary Fig. S6 indicating the stability of the CrCXs form. We used CrSCl as an example that it is comprised of perpendicularly oriented Cr-S/Cl rhomboid chains along y and distorted Cr-S rectangular chains along x. The shortest Cr-Cr distance of 3.44 Å was found in the rhomboid chains, being bridged by an S and a Cl atoms. We denote the SEC parameter of this interaction as J1 (red arrow). The second-nearest Cr-Cr interaction is bridged by two S atoms with a distance of 3.61 Å and a Cr-S-Cr angle of 91.5°, the SEC parameter of which is denoted as J2 (green arrow). In addition, SEC parameter J3 represents a nearly linear
Cr-S-Cr interaction (black arrow). Detailed structural information of CrCXs and
MnNXs can be found in the Supplementary Table S3 . The derivation details of these three parameters are available in the Section 2.
The FM state in all CrCXs and MnNXs is energetically more stable than other magnetic configurations regardless which functional is used and whether U or/and J is/are added, as shown in the Supplementary Fig. S3 . By comparing their total energies, we derived J1 = 0.90 meV, J2 = 2.98 meV and J3 = 1.26 meV for CrSCl.
Exact SEC parameters and predicted Curie temperatures are listed in Table 1 . Here, we used a classical magnetic moment S=3/2 according to the DFT value of roughly 3 μB per Cr atom. Although J2 represents a 0.17 Å longer distance than J1, the coupling strength of J2 is triple that of J1. Replacement of Cl with Br or I substantially enlarges J1 and slightly enlarges J2 and J3 in the S/Se-series, leading to nearly comparable J1
and J2 for the I-series monolayers. The Te-series is fairly different from the S/Se -series that the comparable J1 and J2 values increase from Cl to I and J3 drops from nearly 16 meV to a small negative value (-1.9 meV), leading to small J1 and J2 and pronounced J3 in CrTeCl and three times larger J1 and J2 and negative J3 in CrTeI. All these three parameter gradually enlarge from Cl to I in the MnN series and those of MnNI is significantly large.
Either spin density (Fig. 1c) or atomic differential charge density (aDCD, Fig.1d) shows the origin of magnetism from the Cr t2g orbitals where three Cr 3d electrons fill in. The aDCD indicates charge reduction on Cr eg orbitals forming sigma bonds with chalcogen or halogen 3p orbitals. The spin density indicates the spin-up (red) was primarily originated from Cr t2g orbitals and partially from halogen pz orbitals. The spin-down (blue) component are mainly contributed by all three chalcogen p and partially by both halogen px and py orbitals, suggesting the super-exchange FM coupling along the J1 or J2 direction bridged by S or Cl atoms.
Figs. 1e-1h summarize a diagram of the orbital filling and their magnetic interactions, which were compellingly supported by the orbital-decomposed bandstructures (the Supplementary Fig. S7 ). In particular, two Cr atoms are bridged by a Cl and an S atom for the J1 interaction (along the y direction), which involves two of six sp Table 1 ).
In a local moment picture, the linear Cr-S-Cr coupling (J3) usually favors AFM.
Here, the hybridization of chalcogen pz with Cr 2 orbitals form delocalized bonding and antibonding states (see Fig. 2 and Supplementary Fig. S8 ). The bonding state is occupied and itinerant electrons of this state dominate and mediate a FM coupling between two adjacent Cr cations, which is reinforced by kinetic energy gains [65] . Therefore, the linear J3 gives rise to FM coupling in the CrS/Se and MnN series.
In the Te series, the Cr 2 orbitals become partially occupied and dominate the bandstructures around the Fermi level thus leading to a strong itinerant FM in the monolayer limit; this explains the fairly large FM J3 in CrTeCl. The occupation of the antibonding conduction bands gradually reduces from CrTeCl to CrTeI (the Supplementary Figs. S9g-S9i) . Therefore, the super-exchange AFM coupling is eventually overcome the FM coupling, leading to a small AFM J3 for CrTeI.
Monte Carlo simulations were performed with an anisotropic Heisenberg (AH) model and a three-nearest Ising model (see the Supplementary Fig. S4 and Methods for details). Here, the AH model considers both on-site and spin-spin anisotropies, which play a key role when the thickness of a layered materials reduces to its 2D limit.
The on-site anisotropy is primarily a result of spin-orbit coupling (SOC). For spin-spin interactions, we used a simplified model where the interactions along two hard magnetization axes were averaged. were depicted in (e) and (f). The isosurface value was set to 0.001 e/Bohr 3 . Spin-resolved electronic band structure of CrTeI calculated with the HSE06 functional was shown in (g). of CrOCl layers appears to be closer to the experimental value than that of HSE. In light of this, our U and J values should be very close to the set fitted using bandgaps.
However, we cannot rule out the role of defects in the bandgap measurements, we thus used the HSE values in our following discussion on electronic and optical properties, which are independent from U and/or J values and were found comparable with experimental values in 2D layers. which exceptionally form extended Cr-Se-Cr channel states along the x direction ( Fig.   3c ) but highly localized along the y direction (Fig. 3d) , giving rise to a quasi-1D electronic state in a 2D orthogonal lattice. Note that we define the 2 or pz direction along the x direction and px, py and 2 − 2 along the Cr-X (X=Cl, Br and I) bonding directions (see Supplementary Fig. S7a ). This quasi-1D state offers a small effective mass of 0.06 m0 along G-X but a rather large effective mass of 1. Fig. S1 ).
Spin-up VBs are rather interesting that the anisotropy of effective masses was found in either spin-up-VB1 (red) and -VB2 (pink), both of which are composed of Se/Br pz and Cr 2 orbitals ( Supplementary Fig. S7e-g ). The spin-up-VB1 appears a nearly mirror analogue to that of spin-up-CB1 with respect to the gap around the G point, namely mx=0.06 m0 and my=1.30 m0 (Supplementary Table S5 ), which shares the same mechanism of the CB case (Figs. 2e and 2f) . The mass anisotropy of spin-up-VB2, i.e. 0.53 m0 (y) and 2.66 m0 (x), is reversal to spin-up-VB1 along the x and y directions. A similar behavior was found for those two spin-down VBs (blue and green) with less pronounced anisotropy ( Supplementary Fig. S8 and Table S5 ). In
CrSeBr, spin-down-VB1 serves as the highest VB, which may change in other CrCXs, e.g. in CrSCl, where the monolayer becomes a nearly direct-bandgap half-semiconductor ( Fig. 3 and Supplementary Fig. S9 ).
The giant effective masses found along either direction for these bands imply likely strong correlation of VBs or doped CBs, which is, most likely, more pronounced in CrTeI (Fig. 2g) . It shows a nearly flat-band along G-Y near EF, which is even flatter and closer to EF with the inclusion of SOC (Supplementary Fig. S10i ). Fig. S9 ). This general spin-dependent mobility anisotropy suggests spin-up electron carriers moving much faster along the x direction than along the y direction and the reversal for hole carriers. If an off-axis in-plane electric field is established, spin accumulation might be observed in the more localized y direction, which may potentially be used in transferring spin torques. All band structures and detailed energy levels of VBM and CBM of CrCXs and MnNXs are available in Fig. 3 and Supplementary Fig. S9 . Supplementary Fig. S2 ), resulting in a lower energy of CB at G than Y, which, we believe, is an artefact in the groundstate but might be valid under certain external fields. These results highlight the importance of exchange interactions in obtaining direct bandgap at the G point in CrCXs.
The optical conductivity [67] (Fig. 4c ) and the light absorbance [51, 64] (Fig. 4d 
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